Abstract: To understand the chemical behavior of potassium (K) in soil, rhizobox experiments were conducted to study the effects of K uptake by cultivated rice and soil type on K migration and transformation in soils. The aim of this study was to guide reasonable application of K fertilizer in different soil types. The results showed that at the maximum tillering stage, the migration distances of water-soluble K (Sol-K) were 6 and 5 cm, the depletion of exchangeable K (Ex-K) was 7 and 4 cm, and depletion of nonexchangeable K (Nonex-K) was 1 and 5 cm, respectively, in yellow cinnamon soil (YCS) and fluvo-aquic soil (FS). With the growth of rice, the migration distances of Sol-K showed little difference between YCS and FS. Throughout the season, the contributions of Sol-K, Ex-K, and Nonex-K to K uptake in YCS were 12.0%, 40.0%, and 48.0%, respectively, whereas their contributions in FS were 25.7%, 25.8%, and 48.5%, respectively. K uptake by rice was linearly related to the concentration of different forms of K in soils (R 2 = 0.687*). In conclusion, soil type significantly affected K mobilization and transformation behavior. This indicated that the location of K fertilizer addition in the root zone should differ with soil type.
Introduction
Potassium (K), the seventh most abundant crustal chemical element, is the fourth most abundant mineral nutrient in the lithosphere (Schroeder 1978) . Mineral soils contain 0.04%-3% K, while the K content of tillage soil (0-20 cm depth) is generally 10-20 g kg −1 (Jackson 1964; Sparks 1987; Zhang et al. 2013) , although 90-98% of K is potential or slowly available and cannot be used by crops for a relatively long time (Xie and Zhou 1999) . Soil K is typically divided into water-soluble, exchangeable, nonexchangeable, and mineral states, and different forms of K can be transformed because of differences in absorption and utilization by crops in different regions (Martin and Sparks 1985) . Darunsontaya et al. (2012) showed that there was a strong linear relationship between NH 4 OAc-K and cumulative K uptake by plants, indicating that NH 4 OAc-K was a major form of K available to plants and that mineral K contributed little to plant uptake. Transformation among different forms of K can occur; for example, when available K is reduced relative to potential K, transformation occurs (Martin and Sparks 1983; Wang and Xu 2001; Wang et al. 2016) . K availability to crops is related not only to the state of K but also to its spatial location. In general, effective nutrients can be absorbed by plants when the nutrients reach the root interface through interception, mass flow, or diffusion. Diffusion is the dominant mechanism of K transport from soil to the plant root, and it is driven by a K + concentration gradient between the root interface and the soil (Hinsinger 1998) . Previous studies have shown that the distance of K migration was 6-11 cm in red soil and 4.0-7.5 cm in fluvo-aquic soil (FS), and it moved faster in the early stages of crop growth (Du and Zhou 2005; Du et al. 2009) . A study on the migration distance of different forms of K in red soil (Li et al. 2014) showed that the soil formed a K + concentration gradient from the root zone to the nonroot zone, with the root zone having the lowest K + concentration and the migration distances of Sol-K was 6 cm, the depletion of Ex-K and Nonex-K was 6, 4, and 3 cm, respectively. Diffusion occurs when the soil solution has a concentration gradient, and it is affected by soil texture, moisture, temperature, and so on (Horst 1981; Barber 1985) . Soil types significantly differ in soil texture and clay minerals content (Najafi and Abtahi 2012) . In fact, soil type is an overriding factor in K fixation or release dynamics (Effron 2001) . Statistical analyses have indicated significant differences among soil textures, with the order of total absorption of K by corn being loamy clay > loam > clay loam > sandy loam (Li et al. 2007 ). Clay, silt, and sand fractions accounted for 20%-90%, 4%-39%, and 2%-54% of the cumulative release amount of K, respectively (Hashemi 2012) . K-fixation capacities ranged from 104 to 148 mg kg −1 for the clay fraction, from 102 to 155 mg kg −1 for the silt fraction, and from 96 to 187 mg kg −1 for the sand fraction. If particle size distribution was taken into account, the silt fractions would account for half of the soil's K-fixation capacities (Najafi and Abtahi 2013) . In fact, a positive and significant relationship (P < 0.05) was observed between K-fixation capacity and clay fraction. Soil K fixation could have a negative effect on the K-migration progress. The soil had a greater migration resistance with finer soil particles, higher clay content, and thicker water membrane (Zhan et al. 2012) . Previous studies have focused on the chemical behavior of K in one specific type of soil (Du and Zhou 2005; Du et al. 2009; Li et al. 2014 ), but there are few studies on the migration and transformation of K in different soil types under the same environmental conditions. In our study, a rhizobox trial was carried out in which the soil was divided into the root zone and the nonroot zone. Rice was sown in the root zone, with a control in which no rice was sown. All fertilizers except the K fertilizer were applied during the growth of the rice. The objectives of the current study were to (1) understand the chemical behavior of different forms of K in the soil, (2) compare the differences in transformation characteristics and the migration distances of different forms of K in different types of soil, and (3) guide the reasonable application of K fertilizer in different soil types.
Materials and Methods

Soil samples
Surface soil samples (0-20 cm depth) were collected from yellow cinnamon soil (YCS) and FS in Xiangyang (112°07′E, 32°02′N) and Chibi (113°53′E, 29°42′N), Hubei Province, China. The YCS and FS were derived from quaternary loess parent and residual parent materials, respectively. The main cropping pattern was ricerapeseed. The textures of the YCS and the FS were silt and sandy loam, respectively. The physical and chemical properties of the two soils are listed in Table 1 .
Experimental design
A rhizobox experiment (Jungk and Claassen 1997; Kitsopoulos 1999; Li et al. 2014) was carried out in a potted site from May to September in 2012. In the rhizobox, a 60 mm thick center was fixed as the root-zone compartment, which was separated with 30 μm aperture nylon mesh (Li et al. 2014) . Plants were sown in this compartment. The outer space was designed as nonroot zone compartments. The rhizobox experiment was conducted with two treatments, one had rice and the other had no rice, each treatment was replicated 12 times, split into pot −1 were applied to each pot. One-third of the N fertilizer was applied as basal fertilizer, and the remaining N fertilizer was divided into two equal parts and applied as top-dressing. The remaining fertilizers were applied as basal fertilizers. Six rice ('Yangliangyou No. 6') seeds were sown in the root zone and thinned to three plants after 1 wk. During rice growth, irrigation was applied to ensure that the soil remained waterlogged.
Soil and plant analyses
Soils and plants were sampled three times at the maximum tillering stage (66 d after rice sowing), the panicle initiation stage (109 d after rice sowing), and the late grain-filling stage (141 d after rice sowing). Approximately 5 g of soil was collected by inserting a 20 cm screw into the soil in the root zone and in the nonroot zone 1, 2, 3, 4, 5, 6, 7, 8, and 9 cm away from the root zone, and the soil samples were mixed evenly. All of the soils were air-dried and ground to pass through a 1 mm sieve to test K in different forms. Three plants from each pot were then collected and ground to determine the K uptake by rice.
The dry matter yield of rice was determined after ovendrying the sample to a constant weight and digested it with H 2 SO 4 -H 2 O 2 to determine the K content (Lu 2000 ).
The digestive was tested by a flame photometer. Sol-K was determined using water (1:10 soil:water ratio), Ex-K using 1 mol L −1 NH 4 OAc minus water, and Nonex-K using 1 mol L −1 boiling HNO 3 minus 1 mol L −1 NH 4 OAc. The other properties of the soil were tested by routine laboratory methods. Soil pH was determined using soil suspension (1:2.5 soil:water ratio). The cation exchange capacity was obtained by the NH 4 OAc method of Kitsopoulos (1999) , organic matter by the Walkley-Black dichromate oxidation method (Nelson and Sommers 1996) , and the texture by the sieve-pipette method (Yang et al. 2009 ).
Statistical analyses
All data were collected with Excel 2013. When a significant decrease in Sol-K occurred in the nonroot zone away from the root zone, the maximum distance was considered the migration distance, the same method was applied for the transformation of Ex-K and Nonex-K. The analyses were performed with SPSS 18.0, and the means were separated by Fisher's protected least significant difference test at P < 0.05. All of the figures were drawn with Origin 8.0.
Results
Potassium uptake by rice
As rice plants grew, the K uptake in the two soils increased. There were significant differences (P < 0.05) in the K uptake between YCS and FS at 66 and 109 d after seeding (Fig. 1) . Specifically, the K uptake in FS was higher than that in YCS, which might have been caused by the greater K-supplying capacity of FS.
Soil water-solute K
The Sol-K concentrations of YCS and FS were 15.2 and 40.5 mg kg −1 , respectively, on the day of sowing. As rice plants grew, the Sol-K concentrations of YCS in the root zone and in the nonroot zone 1 and 2 cm away from the root zone decreased, whereas those in the nonroot zone 3, 4, 5, 6, 7, 8, and 9 cm away from the root zone initially increased and then decreased. In contrast, the Sol-K concentrations of FS decreased constantly. Compared with the control, the Sol-K concentrations decreased in both types of soils with rice cultivation (Fig. 2) . At the maximum tillering stage (66 d after rice seeding), the decreases in Sol-K concentrations in FS 0, 1, and 2 cm away from the root zone were 10.6, 4.5, and 3.1 mg kg −1 more, respectively, than those in YCS, although no significant differences in Sol-K reduction were observed in the other nonroot zones (Fig. 3a) . Compared with the control (P < 0.05), the Sol-K concentrations of YCS significantly decreased in the root zone and the nonroot zone 1, 2, 3, 4, 5, and 6 cm away from the root zone, whereas the Sol-K concentrations of FS decreased significantly in the root zone and the nonroot zone 1, 2, 3, 4, and 5 cm away from the root zone (P < 0.05). In addition, the decreases in Sol-K of YCS and FS were 51.0 and 72.9 mg kg −1 , respectively, indicating that the Sol-K of FS contributed more to K uptake. At the panicle initiation stage (109 d after rice seeding), the decreases in the Sol-K concentrations of YCS and FS became greater, and Sol-K in the nonroot zone migrated, which led to an increase in the deficit range of the nonroot zone. With the growth of rice, more Sol-K was absorbed, which resulted in migration to farther distances at the late grain-filling stage (141 d after rice seeding), and the reductions in the Sol-K of YCS and FS were 93.6 and 215.2 mg kg −1 , respectively, showing greater differences in this period.
Soil exchangeable K
The Ex-K concentration both in YCS and FS decreased constantly, except for in the nonroot zone 7, 8, and 9 cm away from the root zone in YCS (Fig. 4) . Compared with the control, there were no significant differences in the Ex-K concentration of YCS in the nonroot zone 8 and 9 cm away from the root zone at the maximum tillering stage, the panicle initiation stage and the late grain-filling stage, indicating that the soils in the nonroot zone did not contribute to crop K uptake. In FS, Ex-K in the root zone and in the nonroot zone 1, 2, 3, 4, and 5 cm decreased significantly at the maximum tillering stage. The Ex-K concentration in the nonroot zone 6 and 7 cm away from the root zone significantly decreased at the panicle initiation stage and at the late grain-filling stage. These results showed that with rice growth, the area of K deficiency in the soil increased, leading to the transformation of K from Ex-K to Sol-K in the nonroot zone and the migration of Sol-K from the nonroot zone to the root zone.
At the maximum tillering stage, Ex-K reductions in YCS were 18.6 and 4.7 mg kg −1 higher than those in FS in the root zone and in the nonroot zone 1 cm away from the root zone, respectively, but there were no significant differences in other areas of the nonroot zone (Fig. 5a) . Fig. 2 . Dynamics of soil water-soluble potassium (K) of yellow cinnamon soil (YCS) and fluvo-aquic soil (FS) in the root zone (0 cm) and the nonroot zone (1-9 cm) with rice cultivation. The bars on the curves are standard errors for the mean of four replications. Fig. 3 . Decrease in water-soluble potassium (K) in the root-zone and nonroot-zone soil compared with that of the control (without plant); 0 represents the soil sample in the root zone with rice cultivation; 1, 2, 3, 4, 5, 6, 7, 8, and 9 represent the soil samples 0-1, 1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, and 8-9 in nonroot zone compartment close to the root zone, respectively; and a, b, and c represent 66, 109, and 141 d after rice seeding, respectively. The bars on the curves are standard errors for the means of four replications. YCS, yellow cinnamon soil; FS, fluvo-aquic soil.
However, at the panicle initiation stage (Fig. 5b) and at the late grain-filling stage (Fig. 5c ), a significant reduction in Ex-K was observed in both the root zone and the nonroot zone in YCS and FS. At the panicle initiation stage, the reductions in the Ex-K of YCS were 16.0, 17.1, 17.5, 13.0, 8.4, 11.4, 8.8, 8.3, 3.9 , and 1.2 mg kg −1 more than those of FS in the root zone and the nonroot zone 1, 2, 3, 4, 5, 6, 7, 8, and 9 cm away from the root zone, respectively. The amounts of Ex-K reduction in YCS and FS were 315.9 and 215.9 mg kg −1 , respectively, and were significantly higher in YCS than in FS in the root zone and in the nonroot zone 1, 2, 3, 4, 5, and 6 cm away from the root zone at the late grain-filling stage. These results showed that there were differences in the migration and transformation of Ex-K between YCS and FS. The conversion ratio of Ex-K to Sol-K in YCS was higher than that in FS, and the depletion of Ex-K in YCS was also greater than that in FS.
Soil nonexchangeable K
Compared with the control, the soil Nonex-K concentration in both soils decreased after rice was planted, and there was a maximum reduction in Nonex-K in the root zone (Fig. 6) .
The decreases in Nonex-K in YCS and FS were 102.6 and 192.4 mg kg −1 , respectively, at the maximum tillering stage (Fig. 7a) . Specifically, the Nonex-K in YCS was significantly lower in the root zone when compared with the control, and no significant decreases were observed in the nonroot zone. There were significant decreases in the Nonex-K of FS by 8.3%, 6.0%, 5.8%, 4.9%, 4.0%, and 3.8% in the root zone and the nonroot zone 1, 2, 3, 4, and 5 cm away from the root zone, respectively. At the panicle initiation stage, the decreases in Nonex-K were significantly different between the two soils in the root zone and in the nonroot zone 1, 2, 3, 4, and 5 cm away from the root zone (Fig. 7b) . The amounts of Nonex-K in YCS were reduced 12.3%, 12.1%, 11.0%, 7.6%, and 6.5% in the root zone and the nonroot zone 1, 2, 3, and 4 cm away from the root zone, respectively, and they were reduced only 4.3%, 2.2%, 0.5%, 0.3%, and 0.1% in the nonroot zone 5, 6, 7, 8, and 9 cm away from the root zone, respectively. The amounts of Nonex-K in FS were decreased 23.4%, 18.4%, 17.0%, 16.5%, 15.6%, and 13.7% in the root zone and the nonroot zone 1, 2, 3, 4, and 5 cm away from the root zone, respectively, and they were reduced only 4.1%, 2.9%, 1.7%, and 0.1% in the nonroot zone 6, 7, 8, and 9 cm away from the root zone, respectively.
At the late grain-filling stage, the reductions in the Nonex-K of YCS and FS were 377.3 and 406.4 mg kg −1 , respectively, showing little difference (Fig. 7c) . In YCS, the concentrations of Nonex-K were reduced 17.1%, 13.6%, 12.4%, 9.5%, 6.7%, and 6.2% in the root zone and the nonroot zone 1, 2, 3, 4, and 5 cm away from the root zone, respectively, and they were reduced only 1.5%, 1.5%, 0.4%, and 0.3% in the nonroot zone 6, 7, 8, and 9 cm away from the root zone, respectively. In FS, the concentrations of Nonex-K were decreased 24.1%, 15.4%, 10.2%, 8.9%, 7.6%, 7.5%, and 7.3% in the root zone and the nonroot zone 1, 2, 3, 4, 5, and 6 cm away from the root zone, respectively, and they were reduced only 2.5%, 1.3%, and 0.4% in the nonroot zone 7, 8, and 9 cm away from the root zone, respectively. These results showed that with rice growth, the deficit range of soil K was further 2, 3, 4, 5, 6, 7, 8 , and 9 represent the soil samples 0-1, 1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, and 8-9 in nonroot zone compartment close to the root zone, respectively; and a, b, and c represent 66, 109, and 141 d after rice seeding, respectively. The bars on the curves are standard errors for the means of four replications. YCS, yellow cinnamon soil; FS, fluvo-aquic soil.
increased, and more Nonex-K was depleted in the root zone and the nonroot zone in both YCS and FS.
Transformation from Nonex-K to Ex-K and Sol-K occurred simultaneously with the migration of Sol-K from the nonroot zone to the root zone.
Discussion
Migration of K in soils
The root zone had the largest decreases in the different forms of K in both YCS and FS with rice growth, which was consistent with the results in red soil (Li et al. 2014) . In addition, the deficits of different forms of K were greater closer to the root zone. Previous studies have shown that the migration distances of added K in FS were 40-75 mm after 7-28 d of the cultivation (Du et al. 2009 ) and 60-110 mm in red soil after 7-28 d of the cultivation (Du and Zhou 2005) . In our study, the migration distances of Sol-K in YCS and FS were studied in detailed at all stages of rice growth, and the results showed that the migration distances differed greatly at the early stage of rice growth, being 6 and 5 cm at the maximum tillering stage and 7 and 6 cm at the panicle initiation stage, whereas at the late grain-filling stage, the migration distances of Sol-K were 7 and 7 cm, showing little difference between YCS and FS. The study by Li et al. (2014) showed that the migration distances of Sol-K in red soil was 6 cm at all stages. It showed that soil type had an impact on the migration distance of K, which may be related to the content of soil texture and clay composition. Previous studies have shown that fine particles in the soil can better supply K because they contain more K-bearing minerals such as illites, vermiculites, and chlorites (Effron 2001; Najafi and Abtahi 2013) .
Transformation of K in soils
All three forms of K were reduced with rice growth; Sol-K and Ex-K are available nutrients that can be used directly by plants, whereas Nonex-K is slowly or potentially available to plants (Sparks 1987) . With the depletion of Sol-K, Ex-K, and Nonex-K in the root zone could have been transformed into Sol-K when the Sol-K contents decreased. However, Ex-K and Nonex-K in the nonroot zone transformed into Sol-K first due to the depletion of Sol-K, and then Sol-K diffused from the nonroot zone to the root zone. Previous studies have shown that added K increased the Ex-K concentration in acid soil 60 mm from the fertilizer site after 7 d, whereas increased Nonex-K concentration at 10 mm (Du et al. 2006) . Another study showed that Ex-K increased 50 mm from the fertilizer site in FS, and a slight increase in Nonex-K was observed (Du et al. 2009 ). In our study, Ex-K decreased at 7 cm from the root zone in YCS and at 4 cm in FS at the maximum tillering stage of rice growing, whereas Nonex-K decreased at 5 cm in YCS and 6 cm in FS at the late grain-filling stage, which indicated that Ex-K and Nonex-K transformed into Sol-K under rice cultivation. The Sol-K, Ex-K, and Nonex-K in YCS contributed 12.0%, 40.0%, and 48.0% to the K uptake of rice, respectively, and in FS, their respective contributions were 25.7%, 25.8%, and 48.5% (Table 2 ). More Sol-K was absorbed by crops in YCS than in FS, and more Ex-K was absorbed in FS than in YCS, which is consistent with the concentrations of different forms of K in soils. FS had a higher Sol-K content than did YCS, which led to a greater reduction in Sol-K and a lower reduction in Ex-K. In contrast, YCS had a higher Ex-K content than did FS, which resulted in a greater reduction in Ex-K during rice growth. The reductions in different forms of K in FS were larger than those in YCS, which was consistent with the crop uptake of K in the two types of soils. The results showed that the K-supplying capacity of FS was slightly higher than that of YCS. A study showed that Sol-K, Ex-K, and Nonex-K in red soil contributed 20.0%, 32.0%, and 48.0% to the K uptake of rice, respectively (Li et al. 2014) . Data analysis showed that uptake of the different forms of K by rice was linearly related to the concentration of different forms of K (R 2 = 0.687*). In addition, the amounts of K absorbed by crops, which represented the total reduction of different forms of K, in YCS and FS were 229.2 and 255.9 mg pot −1 , respectively, and agreed relatively well with the values of 238 mg pot −1 for YCS and 266 mg pot −1 for FS. In conclusion, K mobilization and transformation were significantly affected by soil types with different textures and concentrations of diverse forms of K, especially in the early stage of rice growth. Therefore, the location of K fertilizer application should be confirmed, depending on soil type, to further improve fertilizer use efficiency.
Conclusion
Potassium uptake by rice in FS was significantly greater than that in YCS, especially in the early stage of rice growth. Potassium uptake by rice was linearly related to the concentration of different forms of soil K (R 2 = 0.687). There was little difference in the migration of Sol-K in YCS and FS, whereas the depletion of Ex-K and Nonex-K showed great differences between YCS and FS. Therefore, the location of K fertilizer application should be confirmed, depending on soil type, to further improve fertilizer use efficiency.
